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ABSTRACT. - This study deals with the establishment of a confined broodstock of the critically endangered sturgeon 
Acipenser sturio L., with special emphasis on two groups of wild captive fish. One is composed of 40 juveniles hatched in 
the wild in 1994 and caught in the Gironde estuary in 1995. The other is made up of older juveniles (n = 8) and adults 
(n = 6) caught at different times. The fish were fed frozen shrimps and reared in recirculated water systems. The main aims 
of the study were i) to determine optimal rearing conditions, ii) to improve our knowledge of the species (sex ratio, genet¬ 
ics), and iii) to determine how to manage adults in captivity to produce gametes. Short trawling, rapid transportation with 
water from the fish habitat and maintaining them in the hatchery in water of similar salinity reduced the initial weight loss 
which was measured at up to 30%. Growth of juvenile fish 1994-95 was similar in fresh and brackish water till mid 2001. 
Weight range increased with age. Analysis of 11-ketotestosterone (11 KT) levels shows that one third of these 1994-95-fish 
are probably males. Of the large juveniles kept in brackish water, some required several months to resume feeding but two 
10-kg fish exhibited no weight loss, suggesting a great potential for adaptation. Some breeders did not recover their initial 
weight for several years, with growth best described as irregularly cyclic. The large fish (10 out of 12) exhibited better 
growth in a 2 m deep tank compared with aim tank. Out of the 14 large fish, 6 died after one to three years holding for no 
known reason. The 8 remaining fish are sires, 5 of which matured in 2000 and 2001. Four of the five matured in the two 
consecutive years. Vernalisation (11°C in winter), natural daylight, one week in fresh water in late spring to mimic 
upstream migration, and hormonal stimulation with either carp pituitary homogenate or GnRH analogue provided high 
quality semen. The genetic variability of the Gironde population, assessed from the present experimental fish, is low and all 
specimens share the same mitochondrial haplotype. Characterisation of mitochondrial DNA fragments suggests that the 
juveniles born in the wild in 1994 were produced by the same dam and sire. 


RESUME. - Creation d’un stock de geniteurs d 'Acipenser sturio, une espece d’esturgeons en danger critique de dispari- 
tion : problemes et observations associes a l'adaptation d’individus sauvages aux conditions d’elevage. 

Ce travail a pour but de contribuer a la creation d’un stock confine de geniteurs A'Acipenser sturio L., en particulier a 
partir de l’adaptation a l'elevage de 2 groupes de poissons sauvages. L’un est compose de 40 jeunes juveniles nes dans la 
nature en 1994 et captures dans l’estuaire de la Gironde en 1995. L’autre groupe est compose de 8 grands juveniles et de 6 
adultes captures a divers moments. Les poissons eleves en circuits fermes sont nourris avec des crevettes congelees. Les 
principaux objectifs de travail sont :i) determiner les conditions optimales d'elevage, ii) ameliorer nos connaissances sur 
l’espece (sexe ratio, genetique,...), et iii) determiner comment on doit gerer les adultes en captivite pour obtenir des 
gametes. Des traits de chalut courts, un transport rapide dans le meme type d’eau dans laquelle ils ont ete captures, et le 
maintien dans l’ecloserie dans une salinite identique a celle de l’eau oil ils ont ete captures reduisent la perte de poids initial 
qui a pu atteindre jusqu'a 30%. La croissance des jeunes juveniles de 1994-95 est similaire en eau douce et en eau saumatre 
jusqu’au milieu 2001. L'ecart des poids a augmente avec Page. L’analyse des taux de 11-ketotestosterone montre qu’un 
tiers des animaux de 1994-95 sont probablement des males. Parmi les grands juveniles maintenus en eau saumatre, plu- 
sieurs mois ont ete necessaires a certains pour retrouver l’appetit sauf pour 2 animaux de 10 kg suggerant ainsi un grand 
potentiel d"adaptation a ce poids. Quelques geniteurs n’ont retrouve leur poids initial qu’apres plusieurs annees, leur crois¬ 
sance a ete irregulierement cyclique. Les gros animaux (10 parmi 12) ont montre une meilleure croissance dans un bassin 
plus profond (2 m contre 1 m). Parmi les 14 grands individus, 6 sont morts pour des raisons inconnues apres un a 3 ans de 
stockage. Les 8 animaux restants sont des males, 5 d'entre eux sont parvenus a maturite en 2000 et 2001. Quatre parmi ces 
5 poissons ont fourni du sperme deux annees consecutives. Une vernalisation (11°C en hiver), une photoperiode normale, 
une semaine en eau douce tard au printemps pour mimer la migration de ponte, et une stimulation hormonale avec un 
extrait hypophysaire de carpe ou un analogue du GnRH ont permis d’obtenir du sperme de qualite. La variability genetique 
de la population de la Gironde, estimee par les animaux objet de la presente etude, est tres faible et tous les individus parta- 
gent le meme haplotype mitochondrial. Une caracterisation de fragments de d’ADN mitochondrial suggere que les jeunes 
juveniles de 1994 ont ete produit par un seul couple de geniteurs. 
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Genetic variability. 
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Overexploitation, damming, dredging and most probably 
deterioration in hydrological characteristics have led to a 
dramatic decrease in the European Atlantic sturgeon, 
Acipenser sturio, population since the 60’s (Trouvery et ai, 
1984). As a result, the species has been given total protection 
since 1982 in France and 1998 in Western Europe. As early 
as the late 70’s, we expected to sustain the wild population 
artificially by restocking with fingerlings (Williot et ai, 
1997). Up to the end of the 80’s, this aim was based on the 
availability of wild breeders, even though they were rare 
and/or did not have the optimum physiological condition for 
reproduction. From this experience, the development of 
farmed broodstock was considered to be a way of providing 
fingerlings on a regular basis. Due to the uncertainty of the 
long-term maintenance of the wild population, an emphasis 
on conservation was added more recently. All possibilities 
are being investigated to increase the rate of rearing success 
and enhance maturation. One method is the rearing of artifi¬ 
cially produced fingerlings (Williot et al., 2000a; 2005). 
This is a long-running experiment, currently underway in 
both France and Germany (Kirschbaum et ai, 2000). The 
other method is based on acclimating small and large wild 
fish to farm conditions, as described in the present study. 

Preliminary experiments in 1991 and 1993 were con¬ 
ducted according to the hypothesis that the species com¬ 
pletes its biological cycle in fresh water, as observed in other 
anadromous sturgeon species Acipenser naccarii (Arlati et 
al., 1988) and Acipenser transmontanus (Struffenegger, 
1992). It was shown that direct acclimation to fresh water 
was possible for A. sturio with a total length (TL) >105 cm 
(~8 kg) and with a delay in food intake of about 6 months. 
Fish initially lost up to 20% of their body weight (Williot et 
al., 1997). In general, nothing was known about the best 
conditions for cultivating the species (rearing structure, 
environmental condition, type of water, food,...), or how to 
manage the broodfish properly to allow them to produce 
good quality gametes. Moreover, there are no biological 
standards that can be used as references to assess the general 
health of the fish in relation to environmental conditions. As 
part of the establishment of an experimental broodstock, 
investigations on genetic variability and gender determina¬ 
tion were performed on the confined stock in order to formu¬ 
late future mating strategies to maximise genetic variability. 

The main objectives of the present work were: i) to mini¬ 
mize the period of acclimation during which captive wild 
fish lose weight before resuming normal feeding, ii) to pro¬ 
vide the fish with good rearing conditions as judged from 
growth rates and health status especially with regard to 
water salinity, iii) to assess the sex ratio of immature fish, iv) 
to determine the holding conditions necessary for fish to pro¬ 
duce viable gametes, and v) to characterise the genetic vari¬ 
ability of the fish. 


MATERIAL AND METHODS 

Fish 

Two groups of fish are of concern. The first group is 
young juveniles, born in 1994 (Williot et al., 1997) in the 
wild, and caught in 1995 in the Gironde estuary via trawl 
nets deployed from a Cemagref catamaran. In order to mini¬ 
mize damage to the fish, trawls were limited to 30 min. 
Forty-two fish were caught in two parts of the estuary and in 
different seasons (because of downstream migration of 
young fish): 29 fish caught during spring (March 7 th -April 
27 th ) in fresh water (upper part of the estuary), and 13 fish 
caught in summer (July ll th -September 8 th ) in brackish water 
(15%o) (middle part of the estuary). Fish were trucked in a 
water tank (2.5 x 1 x 0.8 m; L x 1 x h) provided with oxygen 
and filled with water taken from where they were caught. 
Upon arrival at the hatchery, fish were temporarily held in 
circular holding tanks (3 x 1 m; $ x h) and weighed (mean + 
sd): 170 + 71g (n = 29) (fish from fresh water) and 528 ± 
120g (n =13) (fish from brackish water). One tank was a 
flow-through system supplied with fresh water at a constant 
temperature of 17.5°C; the other was a closed brackish water 
(15%o) system with mechanical and biological filters, UV 
treatment and oxygen enrichment column. The water tem¬ 
perature was equilibrated with outside air temperature. Two 
fish caught in fresh water died soon after arrival at the hatch¬ 
ery. 

The second group of fish is far less homogenous than the 
first; it is composed of a few wild breeders (n = 6; weight 
range 17.5-47 kg) and some large juveniles (n = 8; weight 
range 4.5-10.5 kg) caught on different occasions (obtained 
from by-catch of commercial fisheries) and transferred to the 
hatchery. The sex of the latter fish was unknown upon 
arrival. Culture trials were initiated during late 1993 for 
breeders and large juveniles. The same transportation proce¬ 
dure as described above was used for these fish except that 
for logistic reasons fish were transported in hatchery water. 

Upon arrival, all fish were weighed, and tagged with 
both pit tags and Petersen disc tags attached to the base of 
the dorsal fin. 

Holding tanks and current water management 

In the small juvenile fish rearing trials, the objective was 
to compare two types of water, fresh and brackish. In Octo¬ 
ber 1995, two equal batches of 20 juvenile fish were placed 
into circular Fiberglas tanks (4 x 1 m; $ x h). One was sup¬ 
plied with fresh water, and the other with brackish water 
(14-16%c salinity). Fish caught in fresh water were kept in 
fresh water except for 7 individuals, which were transferred 
to brackish water in order to have two equal batches. At the 
beginning of the experiment, the fish weighed (mean + sd) 
234 + 73 g and 503 ± 116g in fresh and brackish water 
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respectively. Each of these tanks was part of a recirculating 
system composed of a pump equipped with a basket to col¬ 
lect refused food, a mechanical filter (S = 0.63 m 2 ; h = 0.9 m, 
filled with 500 kg of sand (0.8-1.2 mm)), a biological filter 
( d> = 0.76 m, h = 2 m filled with 700 1 of biogrog), and a col¬ 
umn (<E> = 0.2 m, h = 1.3 m filled with “levapack” modules 
with a specific surface of 144 m 2 /m 3 ) for oxygen enrichment. 
These tanks were located in an isolated building which was 
supplied with red light from 08:00-18:00. Two fish were lost 
during the first few months when they jumped out of the 
rearing tanks; protection against accidental escape was sub¬ 
sequently put in place by installing vertical 0.6 m high wire 
fencing on the top of the tank. 

Large fish were held in two Fiberglas tanks: 4x4x1 and 
4x4x2m(Lxlxh) supplied with brackish water (15%c). 


Each tank was part of a similar recirculating system to that 
described above except that the biological filters were larger, 
with a biogrog volume of 1300 1. Flow rate was maintained 
at 3.5-4.5 mVhour. Daily renewal was equal volumes (300 to 
5001) of fresh water and seawater. 

The fresh water was bacteria-free well water with con¬ 
stant temperature 17-18°C, de-gassed and further oxygen- 
enriched via a tower. Seawater was delivered by trucks and 
stored in large tanks with constant circulation, aeration, and 
UV sterilisation. Prior to this system and till late 1997, sea- 
salt was used to constitute artificial sea-water but due to the 
high cost of this solution the procedure described above is 
retained. Brackish water is obtained by mixing fresh water 
and salt water in appropriate proportions. 

Temperature, salinity, pH and oxygen were checked 
daily with WTW™ (Germany) 
devices. The yearly water quality 
for all tanks until autumn 2000 
ranged (min-max) from 16-24°C, 
14-16%c, 6.8-7.5 and 6.8-7.8 mg/1. 
During winter 2000-2001, in order 
to simulate vernalisation in tanks 
holding large fish, water tempera¬ 
ture was lowered to 11°C (Fig. IB) 
and photoperiod was maintained 
similar to the natural day length. 
Ammonium (indophenol blue), 
nitrite and nitrate contents in the 
water were controlled monthly in 
the biological filter inlet and outlet 
with Spectrophotometer (Milton 
Roy, Spectronic 401) and Merck 
quick colour kits respectively. 


Feeding 

Fish were fed frozen shrimps 
(tropical marine shrimps cut in 
small pieces, Crangon crangon or 
Palaemonetes varians) twice a day 
ad libitum, judged by the amount of 
uneaten food recovered every day 
from the tanks and the pump bas¬ 
kets. Uneaten feed was weighed in 
order to adapt the daily food ration, 
which was reduced when waste 
feed was > 15% of that offered. 
Overall, the daily shrimp portion 
ranged between 1.2 and 3% of tank 
biomass. At the beginning of these 
rearing trials, other types of food 
were investigated such as artificial 
food, mussels, and squid. The first 
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Figure 1. - Nitrogen forms of water (A) and physico-chemical characteristics (B) of a 2 m deep 
holding tank for large fish in 2000 and 2001. In (A), values are monthly measurements. NH4 + 
(out) represents the ammonium content of outflow water from the holding tank (i.e. entering the 
biological filter), NH4 + (in) represents the outflow level of ammonium from the biological filter 
(i.e. entering the holding tank), and in (B), values are monthly means of daily measurements. 
[Formes d’azote dans I’eau (A) et caracteristiquesphysico-chimiques (B) d’un bassin d'ele - 
vage de 2 m de profondeurpour les gros animaux en 2000 et 2001. En (A) les valeurs sont des 
mesures mensuelles. NH4* (out) represente la concentration d’ammoniaque en sortie de bassin 
(c’est-a-dire a Ventree dufiltre biologique), NH4+ (in) represente la concentration d’ammoni - 
aque en sortie dufiltre biologique (c’est-a-dire entrant dans le bassin d'elevage). En (B) les 
valeurs sont les moyennes mensuelles de mesures journalieres.] 
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was not regularly accepted and even led to an increase in 
abnormalities for larvae weaned on compound diet (Williot 
et al., 2004). The latter two food items were refused. There¬ 
fore, despite constraints (seasonal supplying, heavy costs) 
and risks (introducing foreign biological molecules in closed 
water systems), shrimp feeding has been maintained. 

Fish control and sampling 

Young juvenile fish were regularly weighed (every 
month until mid-1997 and every 3 months after this) to the 
nearest 1 g and 0.1 kg for small and large fish respectively. 
Prior to handling, fish were tranquillized by immersion for 
about 5 min in a bath containing essential oils of cloves 
added to culture water at a concentration of 40 ppm. When 
water temperature is low, a preliminary dilution of essential 
oils in ethanol (1/10; v/v) improves solubility. 

Large fish, which exhibited continuous growth were 
biopsied for gender and sexual maturation every three 
months from late 1999 onwards. Gonad tissue samples were 
obtained and observed under stereomicroscope (ovary) or 
microscope (x 400 for testis). Males, which revealed an 
advanced maturation state were transferred to fresh water 
(17-18°C) for one day to 6 weeks (2000) and one week 
(2001) and then injected with 2 mg.kg 1 of carp pituitary 
homogenate. In 2001, one of the broodfish was injected with 
GnRHa (|D-Phe s ] - NH 2 ) at a rate of 5 pg.kg 4 . 24-28 hours 
post injection, semen was collected via a dry flexible 
polypropylene tube carefully introduced in the genital pore 
and volume and motility were assessed (Williot el al., 
2000b). Large fish were also sampled by removing a section 
of the pectoral spine for age determination (Rochard and Jat- 
teau, 1991). In younger fish, of which the sex is unknown, 
levels of the steroid hormone 11-ketotestosterone were used 
as a criterion for sex determination (Cuisset el al, 1994). To 
perform tests, 2 ml of blood were taken from the caudal 
vein, transferred to heparinized microtubes and centrifuged 
at 8000 r.min 1 for 8 min. Plasma was then frozen until use. 
The minimum detectable content of the immunoassay is 
15 pg.mk 1 . 

In case of unexplained mortality in any batch, another 
sturgeon species (Siberian sturgeon, Acipenser baerii B., 
1869) was introduced in the concerned tank for testing the 
presence of a toxicant in the water. 

The effect of water depth (1 m and 2 m) on growth was 
tested by transferring fish from one tank to another and 
recording weight between two successive handlings. The 
experiment lasted from 1998 to 2002. There were 14 trans¬ 
fers from lm to 2 m tanks and 8 in the opposite direction. 
Twelve fish were used, some of them many times. Gain 
and/or loss in weight were recorded following each transfer. 

Genetic analysis 

Analysis of genetic variability was also carried out. 


Pieces of fin (around 1 cm 2 ) stored in alcohol were sampled 
either from fish reared in the Cemagref facility (CREA) or 
from samples taken in earlier years from wild fish (n = 20). 
From the fish held in CREA and subjected to present study, 
there were 38 large juveniles born in 1994, and 9 adult fish 
including the sire and the dam used in artificial reproduction 
in 1995 (Williot et al., 2000a). 

Nuclear DNA-analyses 

Six different microsatellite loci (Afu-19, Afu-39, Afu-54, 
Afu-68: May et al., 1997; Aox-23, Aox-45: King et al., 
2001) were investigated. Primers were labelled with 6-FAM, 
HEX and TET (ABI, Foster City, CA). Amplifications were 
performed in 25 pi containing 50 ng genomic DNA, 0.25 U 
Taq DNA polymerase (QIAGEN, Hilden, Germany), 5 pmol 
of each primer, 0.10 mM Tris-HCl (pH 8.8 at 25°C), 50 mM 
KC1, 1.5 mM MgCL, 0.1 pg/pl bovine serum albumin 
(BS A), 0.08% (v/v) Nonidet P40 and 100 pM of each dNTP 
Amplification was performed in 30 cycles of the following 
steps: 30 sec at 94°C, 30 sec at 52°C up to 57°C (King et al., 
2001; Ludwig et al., 2001), 30 sec at 72°C and a 5 min. final 
extension at 72°C. The size of alleles was determined using 
an ABI 310 DNA sequencer (ABI, Foster City, CA) with 
internal standards. 

Mitochondrial DNA 

The repeat region, including the most variable part of 
sturgeon mitochondrial DNA, was amplified with the 
primers 5’-ACCCTTAACTCCCAAAG-3’ (Hetero I) and 
5’-CATTTRATGGTAGATGAAAC-3’ (Hetero II) (Ludwig 
et al., 2000) under the following reaction conditions: 20 
sec at 94°C, 10 sec at 50°C, and 1 min. at 72°C for 30 
cycles and a final polymerization for 4 min. at 72°C. 
Amplifications were carried out with 1 unit Taq DNA poly¬ 
merase (Oncor-Appligene), 10 pmoles of each primer, 
about 10 ng DNA, 100 pM of each dNTP, 2.5 mM MgCL 
in 2.5 pi incubation buffer and a total volume of 25 pi. 
PCR products were run for sequencing analysis on a 1.5% 
agarose gel at 150 V for 2 h. PCR products were excised 
from the gel and extracted using the QIAquick Gel Extrac¬ 
tion Kit (QIAGEN Inc., Germany). Direct sequencing was 
performed in both directions using an ABI 3100 sequencer 
(ABI, USA) following the protocol for cycle sequencing. 
Sequencing was performed under the following conditions: 
15-40 ng DNA, 10 pmoles of each primer (Hetero I; Hetero 
II) and 2-4 pi BigDye RR Terminator Cycle Sequencing 
Kit (ABI, USA) in a Perkin-Elmer 2400 thermocycler pro¬ 
grammed for 30 cycles of 10 sec at 94°C, 5 sec at 50°C and 
4 min. at 60°C. 

Statistical analyses 

T-test (normality) or U-test (non normality) procedures 
were used to compare the effect of fresh water and brackish 
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water on weight gain in juvenile fish bom in the wild in 
1994. Normality (Kolmogorov-Smirnov test) and equality of 
variance had previously been checked. Significant probabili¬ 
ty level was P< 0.05. 

X 2 or Fisher exact test compared the occurrences of 
weight gain or loss following a transfer of large fish from 
one tank to another (1 m-tank and 2 m-tank). 

Allele frequencies, allelic distribution and homozygosity 
values were calculated in Popgene 1.31 (Yeh and Yang, 
1999). Relatedness 5.0 (Queller and Goodnight, 1989) was 
used for analysis of relatedness between pairs of individuals. 
Positive relatedness values indicate that individuals are more 
closely related than expected for a randomly mating popula¬ 
tion. In contrast, negative relatedness values indicate that a 
pair of individuals is less related than would be expected for 
a pair taken at random from a randomly mating population 
(Surridge el al., 1999). Statistical significance was tested 
using the algorithm of Kinship 2.0 (Queller and Goodnight, 
1989). Using this approach, full siblings on the one hand and 
parents and offspring on the other have the same degree of 
relatedness. Distinguishing these relationships is only possi¬ 
ble using age data. 

RESULTS 

Overall management: water, feeding and survival 

Physico-chemical characteristics 


Feeding and survival 

From the three types of shrimps delivered, the preferred 
type was Palaemonetes various, a species that inhabits 
French Atlantic estuaries. 

Within the 5-year experimental period with juvenile fish 
caught in 1995, only two fish died incidentally. In April 

2000, 7 of the smallest fish from the two batches were 
removed to avoid potential food competition. Early in June 

2001, three individuals from the freshwater batch died. 
Introduced Siberian sturgeons fed compound diet were not 
affected in their closed water system. Flow through water 
immediately stopped further mortality of Acipenser sturio. 
In August 2001, 11 specimens of the freshwater batch were 
lost due to human error. The experiment was therefore 
stopped. 

Six out of the 14 large fish died on three separate occa¬ 
sions. One male died in April 1997 after one-year holding. 
Two fish, one male and the female, died in July 1995 after 
one- and two-year holding, respectively. The female sudden¬ 
ly became thinner over a two-month period (from 37 to 
27 kg body-weight). In the same tank, one fish remained 
alive thus suggesting that deterioration of water quality was 
not responsible for the death of the female. The third loss 
concerned three fish, which died in a tank where there were 
three other fish, which were immediately taken out and are 
still alive. In this latter case, toxin is suspected as some spec¬ 
imens of Siberian sturgeon introduced into the tank died 


of water 

Patterns in all tanks are very 
similar. Changes in nitrogen forms 
are shown in figure 1A for the same 
tank as that used for physico-chem¬ 
ical parameters. The NH4 + (out) 
curve representing the ammonium 
content of outflow water (i.e., 
entering the biological filter) is far 
higher than that of NH4 + (in), 
which represents the ammonium 
content of water entering the tank 
(i.e., flowing out from the biologi¬ 
cal filter), thus demonstrating a 
good functioning of the biological 
filter. It has to be noted that NH4 + 
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(out) production by fish shows two Holding time 

minima in the reported period. The Figure 2. - Growth of juvenile Acipenser sturio bom in the wild in 1994 and held in either fresh 
first appeared in late winter-spring water (FW) or brackish water (BW) (each dot is the average weight value for 20 fish till Jan- 

"7000 as the water temneratnre uary 1997, 19 fish till April 2000, and 15 and 16 fish after this date for FW and BW respective- 

” ly). Bars are standard deviation. Though one third of distributions were not normally distribut- 

increased (Fig. 1 A). The second e d, mean + sd were retained. [ Croissance des juveniles d’Acipenser sturio nes en riviere en 
occurred at an earlier period in the 1994 et eleves soit en eau douce (FW) soit en eau saumatre (BW) (chaque point est la moyenne 

year '"’OO1 and corresponded to the ^ es P°ids de 20 poissons jusqu 'en janvier 1997, de 19 poissons jusqu ’en avril 2000 et de 15 et 

2 , , . 16 poissons apres cette date pour I’eau douce et I’eau saumatre respectivement). Les barres 

middle period of decreasing water verticales sont les deviations standard. Bien que 1/3 des distributions ne soient pas normales, 
temperatures. la moyenne et la deviation standard ont ete retenues.] 
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rapidly. Moreover, toxicity disappeared one week after stop¬ 
ping shrimp distribution. 

Maximum stocking density was approximately 5 kg.nr 2 
and 0.7 ind. m‘ 2 . 

Growth and sex ratio in juvenile fish 

The batch of fish caught during summer time resumed 
their initial weight faster than those caught in spring 1.2 + 
1.2 vs 3.6 + 1.5 months on average. Growth curves (mean 
weight and sd) of juveniles raised in fresh or brackish water 
are similar, especially from mid-1997 onwards (Fig. 2). 
Prior to this date, mean weight of the brackish water batch 
was significantly higher than the freshwater batch. At the 
end of the experiment (7-year old fish) fish weighed 6.4 + 
2.9 kg and 5.3 +2.5 kg in brackish 
and fresh water respectively, with¬ 
out any significant differences (P < 

0.23). The range of weight varia¬ 
tion increased with weight within 
the two batches. Final densities 
were 1 ind.nr 2 and 5 kg.nr 2 and 6.4 
kg.m 2 in brackish and fresh water 
respectively. Growth patterns were 
fairly cyclical with a cycle of 
roughly one year, the pattern being 
slightly more pronounced for the 
brackish water batch. Among the 
31 remaining specimens, only 10 
exhibited 11 KT levels which sug¬ 
gested they were males when com¬ 
pared to known discriminating lev¬ 
els in juvenile Siberian sturgeon 
(Cuisset et al., 1994). There were 
no differences in weight between 
these fish with regard to 11-KT 
level. 


Growth in large juveniles and 
breeders 

Acclimation to farming conditions 
Pectoral spine analysis showed 
that the large fish were probably 
hatched in the wild between 1981 
and 1989, except the largest one 
(the female), which was probably 
hatched in 1971. Most of these fish 
exhibited a weight loss of from 10 
to 30% after arrival, with a correla¬ 
tion to holding time (Fig. 3). The 
period during which fish continued 
to lose weight ranged from 0 to 
more than 500 days. The specimen 
indicated by an arrow recovered 


and produced gametes in 2001. Weight loss vs weight upon 
arrival is plotted in figure 4. Group “a” fish correspond to the 
smallest fish (all were large juveniles), with very similar 
weight upon arrival and loss in the range of 10 to 40%. 
Those exhibiting the lowest loss were those that arrived last 
and benefited from all improvements in transportation pro¬ 
cessing from catch location to the hatchery. Two specimens 
made up group “b”. They weighed around 10-kg body 
weight and started to feed very early, thus they did not lose 
any weight soon after their arrival. The third batch of fish, 
group “c”, corresponded to breeders. Depending on the indi¬ 
vidual fish, three to five years were needed to recover arrival 
weight (Fig. 5). Most of the fish exhibited irregular cyclic 
variations in their growth (Fig. 5). 



Figure 3. -Weight loss (as percentage of initial weight) of wild caught Acipenser sturio during 
the adaptation phase in the holding facility. The x-axis reports the time in days from capture to 
the date at which no further weight loss is observed. The arrow represents a male that provided 
sperm several years later. The polynomial curve is the best fit. [Perte de poids (en pourcentage 
du poids initial) des Acipenser sturio sauvages durant leur periode d’ adaptation aux condi 
tions d'elevage. L’axe des x correspond a la duree ecoulee en jours depuis la capture jusqu ’a 
la date a laquelle la perte de poids s ’est arretee. Lafleche signale un male qui a produit du 
sperme plusieurs annees plus tard. Le polynome est la meilleure approximation pour la distri ■ 
bution des points.] 



Figure 4. - Weight loss (in percent of initial weight) of wild-caught Acipenser sturio depending 
on the weight at time of capture. Group “a” fish is composed offish of very similar weight 
(around 5 kg) on arrival, group “b” fish is composed of two fish of around 10 kg each on 
arrival, and group “c” fish represents breeders. [Perte de poids (en pourcentage du poids ini ■ 
tial) des Acipenser sturio sauvages selon leur poids d leur capture. Le groupe “a ” est compose 
d’individus ay ant des poids tres similaires (autourde 5 kg) a leur arrivee, le groupe “b” est 
compose de 2 poissons pesant autour de 10 kg chacun lors de leur capture et le groupe “c” 
correspond aux geniteurs.] 
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Figure 5. - Growth curves of some large Acipenser sturio juveniles and adults captured at dif¬ 
ferent times in the wild and cultured in captivity for several years. In legend, A (08/93) means 
that fish A arrived in the laboratory in August 1993. [Courbes de croissance de quelques gros 
juveniles et adultes r/’Acipenser sturio captures a des dates diverses et mis en elevage depuis 
plusieurs annees. Dans la legende, A ( 08/93) signifie que 1 ’individu A est arrive dans le labora - 
toire en aout 1993. 


Influence of water depth on growth 

Most weight control occurred within 3 months. Transfer 
of fish from a 1 m to a 2 m deep tank showed better growth 
than in the opposite direction (P = 0.008). Ten out of the 12 
fish exhibited a better growth in deeper tank. It is worth not¬ 
ing that in one fish there was no weight change at transfer 
and in another there was weight loss at both types of transfer. 

Management of mature fish 

The biopsies of the 8 large fish that survived showed that 
they were males. Of these fish, 5 matured in early spring 
2000 and 2001 (Tab. I). Four of these were mature in 2000 
and 2001. Each year, two were used for experimental simu¬ 
lation of upstream migration. A very few spermatozoa were 
observed in the translucent seminal fluid in 2000. In win¬ 
ter 2000-2001, a pronounced vernalisation of all fish was 
performed. From late September 2000 to mid-March 
2001, the fish grew from 14.2 + 4.6 kg to 16.7 + 5.5 kg 
and 11 ketotestosterone levels in the plasma of the fish 
increased from 0.5 + 0.2 to 2.2 ± 0.9 ng.ml 1 but without 
a clear relationship between 11 KT levels and sexual 
maturation. In order to mimic upstream migration from 
brackish water (in present experiment) to fresh water, a 
one-week holding time in fresh water was applied before 
hormonal stimulation. In spite of care, tranquillisation, 
and the use of cannula, only 70 and 95 ml were collected 
from each fish in 2001 (Tab. I). 

For the first time in neither sperm were there spon¬ 
taneous moving spermatozoa, spermatozoa densities 
were fairly high, and both spermatozoa exhibited 
motility of 90% 30 sec post dilution in water and only 


20% and 5% respectively at 1 min. 

Genetic analysis 

Nuclear DNA 

Across all fish, each locus was 
heterozygous. Focus Afu-39 exhib¬ 
ited the highest number of alleles 
(seven alleles), followed by Afu-68 
(six alleles) and Aox-45 (four alle¬ 
les), Afu-19 (three alleles) and Afu- 
54 and Aox-23 (two alleles each). 
Interestingly, genetic variability of 
all loci - excluding Aox-45 - was 
biased by single alleles. Frequen¬ 
cies of dominating alleles ranged 
from 0.745 (allele 184 at locus Afu- 
54) to 0.935 (allele 124 at locus 
Aox-23). The most variable locus 
Afu-39 was also dominated by one 
single allele 123 (0.914). This dom¬ 
ination seems to be influenced 
mainly by the very restricted num¬ 
ber of parents involved in the natural reproduction of 1994. 
Overall, a very high level of relatedness was observed, rang¬ 
ing from 0.29 to 0.91 (value details published in Fudwig et 
al., 2004) within the present sampled Gironde population. 
Moreover, significance tests regarding the existence of full 
siblings and/or parent-offspring relationships showed a high 
amount of very closely related specimens. Indeed, within the 
group of 9 adult alive wild-originated fish, three have signif¬ 
icant relatedness with two of the others, three with one of the 
others and only one fish did not exhibited any relatedness 
with any other present specimen. 

Mitochondrial DNA 

All specimens of Gironde sturgeon had the same mito- 

Table I. - Staging, preparation, and results in spermiation of confined 
male Acipenser sturio. (1) Minimum monthly water temperature in the 
months preceding spawning trials; (2) Number of mature and (injected) 
fish; (3) Spz = spermatozoa; (4) A noticeable quantity of semen was lost 
between genital pore walls and the external part of the tube. [Stade de 
maturation, preparation, et resultats de la spermiation des males con ■ 
fines r/’Acipenser sturio. 1) Temperature minimum mensuelle de Veau 
dans les mois precedents les essais de reproduction ; 2) Nombre de 
poissons matures (et injectes); 3) Spz = spermatozo'ides ; 4) Une quan ■ 
tite notable de sperme a ete perdue en s ’ecoulant entre le pore genital et 
les parois du tube de polypropylene.] 


Year 

Minimum 111 
temperature (°C) 

Mature (2) 
(Injected) 

Holding time in 
fresh water prior 
to injection 

Spermiation 

success 

2000 

16 

5(2) 

24 hours 

6 weeks 

Very few spz 131 
No spz 

2001 

11 

5(2) 

1 week 

70 & 95 ml 141 
semen 
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chondrial haplotype. The sequence was saved in EMBL 
(AJ249673). Using previously published data for North 
American Atlantic sea sturgeon (Ludwig et al., 2002; Wirgin 
el al., 2000), we observed 22 fixed substitutions between A. 
slurio and A. oxyrinchus. Given that the investigated part of 
the control region is the most variable within the mitochon¬ 
drial genome, we suggest that the variability of this maternal 
inherited genome is practically zero for the Gironde stur¬ 
geon population. Consequently, all analysed specimens, and 
most probably all recent wild specimens too, share the same 
maternal lineage. Rare alleles (one or two) are present in 
only three large fish. Fish born in the wild in 1994 did not 
exhibit those alleles. 


DISCUSSION 

Acclimation 

Even though most wild fish brought into captivity lost 
weight, we have shown that certain steps can be taken to 
considerably improve the adaptation of wild fish to farmed 
conditions. More specifically, we found that trawls of 30 min 
or less, rapid transportation in the same type of water in 
which the fish are found, and initial holding in the same 
water salinity, improved the survival and condition of cap¬ 
tive wild fish. 

It is interesting to note that among large fish, only the 
two 10-kg fish started to feed as soon as they arrived, sug¬ 
gesting that this size may correspond to a particular physio¬ 
logical state that allows the fish to adapt quickly to changing 
conditions. 

Rearing conditions 

Deeper tanks tended to improve growth. This could be a 
consequence of the benthic behaviour of the species of 
which most part of captures was signalled on the continental 
shelf between 20 and 30 m (Rochard et al., 1997). 

Salinity, 0 and half seawater, did not affect the growth of 
young wild-originated fish from 1.5 years old up to 7 years 
old. However, regarding the obtaining of motile spermato¬ 
zoa from fish held the year long in brackish water (next sub¬ 
section), the present findings therefore suggest that A. sturio 
might need some level of saline water to perform successful 
production of gametes. If so, this species most probably uti¬ 
lizes some hormonal control of osmoregulation (T4, T3, pro¬ 
lactin, etc.) and gill (Na + -K + )-ATPase regulation similar to 
that documented in anadromous salmonids (Bceuf, 1993). 
Investigation of this physiology should be further studied in 
A. sturio to better characterise some ecophase and rearing 
conditions. 

In order to avoid losing potentially large quantities of 
fish due to different types of accident, the fish were held in 
different tanks. This also resulted in weakening the rearing 


and managing processes, as illustrated by both an unex¬ 
plained mortality and a human-caused mortality. We suspect 
that natural food either brought a toxicant or reacted with the 
system in such a way that a toxin-like substance killed some 
specimens. This reinforces the necessity to formulate a diet 
which combines the advantages of both natural food (palata- 
bility, minimum detriment to fish physiology) and commer¬ 
cial diets (consistency of ingredients, ease of handling, 
absence of pathogen,...). 

Even though weight recovery may take months or years, 
especially for captive wild fish, forming a broodstock based 
on wild spawners will take longer than previously expected. 
The present five years needed for males to mature is far 
shorter than the time from larvae to spawners in a natural 
environment, which is about 12 to 14 years minimum to our 
present knowledge. Growth curves with more or less regular 
yearly cycles for fish held at fairly constant temperature sug¬ 
gest that photoperiod may act on growth. 

Sex ratio and maturation 

The present impossibility in sex determination through 
use of sex steroid analysis for 21 out of the 31 suggests a low 
gonad growth. 

It is noteworthy that a majority of males (80%) may 
exhibit sexual maturation over two successive years. There 
are no data from wild fish except one male that was caught 
three times at 3-year intervals (Williot et al., 1997), which 
may suggest that recurrent spawnings are more frequent in 
farming conditions. 

Brackish water, vernalisation, and a one-week upstream 
migration simulation were appropriate for male sexual matu¬ 
ration as, for the first time, semen was obtained from re-con- 
ditioned males of A. sturio. This procedure might be useful 
for an optimum use of males in order to cryopreserve sperm. 

Genetic analysis 

Genetic variation within and among individuals is 
important for survival and adaptation to changing environ¬ 
mental conditions (Frankham, 1995). Genetic variability of 
the A. sturio has decreased dramatically as a result of the 
decline or extinction of populations during the last centuries 
(Ludwig et al., 2000). Conservation of the still existing 
genetic variability as a whole is now one of the main aims 
for this species. One of our goals was therefore the genetic 
characterisation of the last progenies born in the wild (1994) 
as well as of the few adult fish reared for future artificial 
reproduction. The number of alleles for both fish from 1994 
and adult fish was reduced by -53% compared with the 
genetic variability of the extinct German North Sea popula¬ 
tion (Ludwig et al., 2000). The most dominating mitochon¬ 
drial haplotype was also found both in archival samples 
from the German North Sea coast (Ludwig et al., 2000) and 
in Gironde fish. 
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Overall management 

It has been suggested that a minimum effective number 
of broodfish to be used in culture for stocking programmes 
should be 100 and a year-class effective population size 
should be at least 6, preferably with a 1:1 sex ratio for the 
Atlantic American sturgeon, Acipenser oxyrinchus 
(ASMFC, 1996). Even if in the future we tentatively 
increase the present broodstock by a few additional fish, 
they will be far fewer in number than the above-mentioned 
proposal. 

In summary, acclimation, rearing, and management con¬ 
ditions were improved. Increased weight, spermiation of 
reconditioned males, preliminary data on genetic variability, 
and sex determination were recorded. Further investigations 
are needed to provide more reliable data on broodstock 
building with the constraints of only few high-value speci¬ 
mens. 

Acknowledgement. - The authors are grateful to Pr. Qiwei Wei, two 
anonymous referees, and the editor whose comments greatly 
improved the quality of the paper. 


REFERENCES 

ASMFC, 1996. - Breeding and Stocking Protocol for cultured 
Atlantic Sturgeon. Fishery Management Report No 68 of the 
Atlantic States Marine Fisheries Commission (St. Pierre R.A., 
Waldman J.R., Smith T.I.J. & K. McKown, eds), 19 p. 

ARLATI G., BRONZI P„ COLOMBO L. & G. GIOVANNINI, 
1988. - Induced breeding of the Italian sturgeon ( Acipenser 
naccarii ) raised in captivity. Riv. Ital. Acquacol., 23: 94-96. 

BCEUF G., 1993. - Salmonid Smolting: A pre-adaptation to the 
oceanic Environment. In: Fish Ecophysiology (Rankin J.C. & 
F.B. Jensen, eds), pp. 105-135. Chapman & Hall. 

CUISSET B„ PRADELLES P„ KIME D.E.. KUHN E.R., BABIN 
P., DAVAIL S. & F. Le MENN, 1994. - Enzyme immunoassay 
for 11-ketotestosterone using acethylcholinesterase as label: 
Application to the measurement of 11 -ketotestosterone in plas¬ 
ma of Siberian sturgeon. Comp. Biochem. Physiol., 108c: 229- 
241. 

FRANKHAM R., 1995. - Conservation genetics. Annu. Rev. 
Genet., 29: 305-327. 

KING T.L., LUBINSKI B.A. & A.P. SPIDLE, 2001. - MicrosateL 
lite DNA variation in Atlantic sturgeon ( Acipenser oxyrinchus 
oxyrinchus') and cross-species amplification in the Acipenseri- 
dae. Conserv. Genet., 2: 103-119. 

KIRSCHBAUM F„ GESSNER J. & P. WlLLIOT, 2000. - Restora¬ 
tion of Acipenser sturio in Germany. I. Growth characteristics 
of juvenile fish reared under experimental indoor conditions. 
Bull. Spanish Inst. Oceanogr., 16(1-4): 157-165. 

LUDWIG A.N., JENNECKENS I„ DEBUS L„ LUDWIG A., 
BECKER J. & F. KIRSCHBAUM, 2000. - Genetic analyses of 
archival specimens of the European sturgeon - A. sturio. Bull. 
Spanish Inst. Oceanogr., 16(1-4): 181-190. 

LUDWIG A., BELIFORE N.M., PITRA C., SVIRSKY V. & I. 
JENNECKENS, 2001. - Genome duplication events and func¬ 
tional reduction of ploidy levels in sturgeon ( Acipenser, Huso 
and Scaphirhynchus). Genetics, 158: 1203-1215. 


LUDWIG A., DEBUS L„ LIECKFELDT D„ WIRGIN I., 
BENECKE N„ JENNECKENS I., WlLLIOT R. WALDMAN 
J.R. & C. PITRA, 2002. - When the American sea sturgeon 
swam east. Nature, 419: 447-448. 

LUDWIG, A„ WlLLIOT R, KIRSCHBAUM F. & D. LIECK¬ 
FELDT, 2004. - Genetic variability of the Gironde sturgeon 
population. Proceedings of the International workshop on 
species differentiation and population identification in the com¬ 
mon sturgeon Acipenser sturio L. Blossin. BfN-Skripten, 101: 
54-72. 

QUELLER D.C. & K.F. GOODNIGHT, 1989. - Estimating related¬ 
ness using genetic markers. Evolution, 43(2): 258-275. 

ROCHARD E. & P. JATTEAU, 1991. - Amelioration de la metho- 
de de determination de Page de l’esturgeon commun Acipenser 
sturio et premieres applications. In: Acipenser (Williot P„ ed.), 
pp. 193-208. Antony, France: Cemagref publication. 

ROCHARD E„ LEPAGE M. & L. MEAUZE, 1997. Identification 
et caracterisation de Taire de repartition marine de Testurgeon 
europeen Acipenser sturio a partir de declarations de captures. 
Aquat. Living Res., 10: 101-109. 

STRUFFENEGGER R, 1992. - Sturgeon farming in California: A 
promising new industry. Aquacult. Europe, 17: 6-9. 

SURRIDGE A.K., IBRAHIM K.M., BELL D.J., WEBB N.J., 
RICO C. & G.M. HEWITT, 1999. - Fine-scale genetic structur¬ 
ing in a natural population of European wild rabbits (Oryctola - 
gus cuniculus). Mol. Ecol., 8: 299-307. 

TROUVERYM., WlLLIOT P. & G. CASTELNAUD, 1984. - Bio- 
logie et ecologie d' Acipenser sturio. Etude de la pecherie. 79 p. 
Serie esturgeon n° 1, Etude Cemagref, Groupement de Bor¬ 
deaux n° 17. 

WILLIOT R, ROCHARD E„ CASTELNAUD G„ ROUAULT T„ 
BRUN R„ LEPAGE M. & P. ELIE, 1997. - Biological charac¬ 
teristics of European Atlantic sturgeon, Acipenser sturio, as the 
basis for a restoration program in France. Environ. Biol. Fish., 
48: 359-370. 

WILLIOT R, BRUN R.. PELARD M. & D. MERCIER, 2000a. - 
Induced maturation and spawning in an incidentally caught 
adult pair of critically endangered European sturgeon, 
Acipenser sturio L. J. Appl. Ichthyol., 16: 279-281. 

WILLIOT R. KOPEIKA E.F. & B.F. GONCHAROV, 2000b. - 
Influence of testis state, temperature and delay in semen collec¬ 
tion on spermatozoa motility in the culture Siberian sturgeon 
{Acipenser Z>aen Brandt). Aquaculture, 189: 53-61. 

WILLIOT P„ ROUAULT T„ ROCHARD E„ CASTELNAUD G„ 
LEPAGE M„ GONTHIER P. & P. ELIE, 2004. - French 
attempts to protect and restore Acipenser sturio in the Gironde: 
Status and Perspectives, the Research Point of View. Bunde - 
saint Nat.schutz, 101: 83-99. 

WILLIOT R, BRUN R„ ROUAULT T„ PELARD M. & D. 
MERCIER, 2005. - Attempts at larval rearing of the endan¬ 
gered western European sturgeon, Acipenser sturio L. 
(Acipensesridae), in France. Cybium, 29: 381-387. 

WIRGIN I., WALDMAN J.R., ROSKO J„ GROSS R„ COLLINS 
M.R., RODGERS S.G. & J.S. STABILE, 2000. - Genetic struc¬ 
ture of Atlantic sturgeon populations based on mitochondrial 
DNA control region sequences. Transact. Am. Fish. Soc., 129: 
476-486. 

YEH F.C. & R. YANG, 1999. - Popgene v. 1.31. distributed by the 
authors (http://www.ualberta.ca/~fyeh/). 


Repu le 14 octobre 2004. 

Accepte pour publication le 24 octobre 2006. 


Cybium 2007, 31(1) 


11 



